Introduction {#Sec1}
============

In 2016, an estimated 1.8 million new cases of cancer were diagnosed and 595,690 cancer-related deaths in the United States \[[@CR176]\]. In the United States, malignancy remains the second leading cause of death behind heart disease and has surpassed heart disease as the primary cause of death in those 45--79 years of age \[[@CR155]\]. Worldwide there were 17.5 million new cancer diagnoses in 2015 \[[@CR139]\]. With continued population growth, the number new cancer cases are expected to exceed 26 million by 2030 \[[@CR174]\].

Despite the growing burden of cancer incidence, prevalence, and associated morbidity, remarkable advances have been made in cancer therapy. Until 1997, cancer deaths had been increasing for 70 years \[[@CR155]\]. In 1969 the cumulative 5-year survival for patients with breast cancer was 64% \[[@CR157]\]. Today with improvements in screening, precision medicine, anticancer agents, and treatment of side effects, 90% of patients with breast cancer will survive at least 5 years \[[@CR155]\]. Likewise, over the last 50 years, 5-year survival in younger patients with acute leukemia has increased from 4% to 60% \[[@CR142]\]. In essence, the paradigm of cancer has shifted from stigmatized terminal illness, to that of chronic disease.

Paralleling this, recent studies have documented progress in the care of critically ill cancer patients \[[@CR11], [@CR14], [@CR26]\]. With an aging population and more patients surviving with cancer, there are growing numbers of patients admitted to intensive care units \[[@CR127]\]. In fact, 20% of patients admitted to intensive care units (ICU) carry a diagnosis of malignancy \[[@CR169]\]. Nearly 10% of cancer patients will at some point be afflicted with a life-threatening condition justifying ICU admission \[[@CR14], [@CR32]\]. The most common reason for transfer to a critical care ward is organ failure \[[@CR134], [@CR162]\]. Acute organ failure may be related to co-morbid illness, cancer treatment, or the malignancy itself. Any organ may be affected, yet respiratory failure is the most frequent and most feared indication for ICU admission \[[@CR133], [@CR162]\].

Historically, respiratory failure remains the leading cause of death of critically ill cancer patients, especially those requiring mechanical ventilation \[[@CR11], [@CR16], [@CR159]\]. Twenty years ago, mechanical ventilation of the bone marrow transplant patient portended almost certain death \[[@CR59]\]. Recent advances in both neoplastic therapies and intensive care medicine have improved outcomes in patients with solid tumors, hematologic malignancies, and those undergoing bone marrow transplant (HCT) \[[@CR13]\].

This chapter reviews the numerous causes of acute and chronic respiratory failure that occur in patients with solid and hematologic malignancies. The importance of expeditious diagnostic precision is reviewed in the context of the outcomes of respiratory failure. The increased use of high resolution computer tomography (HRCT) has greatly aided in narrowing the differential diagnosis of respiratory failure in oncology patients which leads to more efficient use of invasive diagnostic modalities. We will review some classic patterns on HRCT that suggest specific diagnoses with a high sensitivity and specificity. In terms of management, we review the literature on the utility and risks of invasive mechanical ventilation in immunocompromised cancer patients and further discuss the impact of current noninvasive ventilation strategies in this population. Finally, we will offer a general approach to diagnosis and management of respiratory failure in patients with active malignancy.

Epidemiology {#Sec2}
============

Even in the absence of malignancy, acute and chronic respiratory failure have a high burden on patients, their families, and the health care system. In general the number of cases of acute respiratory failure is on the rise. In 2009 there were 1,917,910 cases of ARF in the United States resulting in 381,155 deaths and in inpatient cost of 54 billion dollars \[[@CR166]\]. This translated into 784 cases of respiratory failure per 100,000 people, or an incidence of 0.7% \[[@CR166]\]. Respiratory failure occurs in 5% of patients with solid tumors, 20% in those with hematologic malignancies, and in up to 50% of those undergoing bone marrow transplant \[[@CR42]\]. For those cancer patients that survive respiratory-related critical illness, the estimated cost per year of life gained is nearly 83,000 dollars for patients with solid tumors and 189,000 dollars for patients with hematologic malignancy \[[@CR151]\]. This figure is projected to increase with the use of novel antineoplastic treatments such as adoptive cell therapy with chimeric antigen receptor redirected T-cells (CAR-T) as such therapy itself is associated with a price tag of over 400,000 dollars \[[@CR19]\]. Short-term survival of respiratory related critical illness in cancer patients has improved. However, the effects of chronic respiratory complications remain unclear.

Pathophysiology {#Sec3}
===============

Respiratory failure is insufficient gas exchange due to derangements in one more components of the respiratory system including the central nervous system, chest wall and diaphragm, airways, alveolar-capillary interface, or pulmonary circulation. Depending on the nature of the insult, failure of the respiratory system may be acute, subacute, or chronic. Respiratory failure may be further characterized by physiologic imbalance, each of which portends numerous differential diagnosis. Type I respiratory failure or hypoxemia is characterized by persistently low partial pressure of oxygen (PaO~2~ less than 60 mmHg). Hypercapnic respiratory failure (type II) is characterized by an arterial partial pressure of carbon dioxide greater than 45 mmHg. Type III respiratory failure is that associated with perioperative complications, while type IV respiratory failure relates to mismatch of oxygen consumption and delivery related to shock states.

Respiratory failure mediated by arterial hypoxemia has numerous general causes including malperfusion, hypoventilation, mismatch of ventilation and perfusion, defect in gas transfer across the alveolar-capillary interface, and anatomic or physiologic shunt of blood flow from venous to arterial circulation. Any of these general derangements may precipitate hypoxemia and tissue hypoxia.

In the absence of significant anatomic shunt, the pulmonary capillary bed receives the entirety of the cardiac output. This large blood volume makes the lungs a target for metastatic andthromboembolic disease. The fragile lattice of the capillary bed as well as the pulmonary interstitium is also sensitive to the collateral damage of radiation and the cytokine storm associated with systemic chemotherapy. These cancer therapies are also frequently toxic to the cardiovascular system resulting in pericardial effusion or cardiogenic pulmonary edema. Local spread of disease may complicate the proximal airways leading to respiratory distress and postobstructive complications of endobronchial lesions. Procedural removal of such lesions or metastatic spread may also interfere with the neurologic pathways responsible for respiratory mechanics. In addition, cancer itself and many chemotherapy regimens ablate the immune systems leading to a multitude of infectious complications.

Patients with cancer often have multisystem comorbidities that may contribute to respiratory failure. For example, not only does smoking predispose to the development of lung cancer but is also fundamental to the pathophysiology of emphysema, pulmonary fibrosis, coronary artery disease, and more. Many of these preexisting comorbidities may themselves precipitate ARF.

Clinical Features {#Sec4}
=================

The clinical features of acute and chronic respiratory failure are nonspecific, evident in multiple systems, and are dependent on the underlying disease state. For example, patients with ventilatory failure and hypercapnia may be moribund, somnolent, or simply confused. They may be tachypnic with pursed lip breathing due to obstructive lung disease, or hypopnic with pinpoint pupils or other exam findings suspect of narcotic toxidromes. Myoclonus and asterixis may be observed with carbon dioxide narcosis. Respiratory acidosis may predispose to instability in the cardiac sarcolemma with resultant arrhythmias.

Evidence of hypoxemia may be gleaned in nearly every bodily system. Neurologic manifestations include restlessness, confusion, myoclonus, and seizures. Hypoxemia and global tissue hypoxia may create an acidotic intracellular milieu which may instigate tachy or bradyarrhythmias. Local pulmonary findings reflect the causal insult. For example, use of accessory muscles of respiration, diminished air movement, diffuse wheezing, and tripoding are evident in the asthmatic with impending respiratory collapse. Stridor may indicate proximal airway narrowing due to malignant disease within the trachea. Dullness to percussion and reduced tactile fremitus raise suspicion for a pleural effusion or consolidative process. Resonance on percussion and trachea shift suggest pneumothorax. Inspiratory "Velcro"-like crackles could suggest fibrotic lung disease, and with the appropriate historical context, might indicate radiation induced lung injury. Digital clubbing may indicate primary lung cancer \[[@CR149]\]. In severe hypoxia, cyanosis can be found around the lips, nail beds, and mucous membranes.

Classic findings of pleuritic chest pain and productive cough may not be evident in the cancer patient. Rather, nonspecific symptoms of fever and malaise may herald the development of pneumonia in this population.

Adaptations to chronic hypoxia manifest as polycythemia, headaches, and potentially right heart failure from cor pulmonale.

Etiology {#Sec5}
========

The causes of respiratory dysfunction requiring ICU admission are similar in those with and without cancer. However, cancer predisposes patients to etiologies of ARF not always common in the general populace. The numerous causes of respiratory failure in critically ill cancer patients are demonstrated in Table [1](#Tab1){ref-type="table"}. Common causes include infections, exacerbation of underlying comorbid illness, aspiration pneumonia, thromboembolic disease, cardiogenic pulmonary edema, noncardiogenic pulmonary edema from acute respiratory distress syndrome (ARDS), progression of malignancy, and complications of antineoplastic therapy. Numerous chemotherapeutic agents are associated with various forms of pulmonary toxicity. In addition, the use of stereotactic body radiation therapy has increased in the last two decades. This has translated to an increased incidence ofradiation pneumonitis \[[@CR188]\].Table 1Causes of acute respiratory failure in the cancer patientAirway disordersParenchymal disordersCardiac diseaseVascular disordersChest wall and pleural diseaseCNS disordersInfectionsObstructionBronchitisCOPDExtrinsic compressionTumor invasionARDS and ARDS MimicsRadiation injuryChemotherapy reactionsPulmonary edemaTACO/TRALIAspirationOrganizing pneumoniaBOOPMalignant infiltrationLymphangitic spreadLeukostasisPeri-engraftment syndromeIdiopathic pneumonia syndromePericardial effusionCongestive heart failureCoronary artery diseaseThromboembolic diseaseAlveolar hemorrhageTumor emboliVeno-occlusive diseasePulmonary hypertensionObesityPleural effusion Malignant Hemothorax PneumothoraxLung entrapmentChest wall invasionPathologic fracturesIntracranial MalignancyMedicationsMetabolic encephalopathyIatrogenic injuryParaneoplastic syndromeViralBacterialFungalOpportunistic pathogens

In general, the most common reason for respiratory failure in patients with cancer remains infection. However, there are also conditions that are unique to certain disease states. For example, patients with Acute Myeloid Leukemia (AML) are subject to leukostasis, while those who have undergone bone marrow transplant (BMT) are at risk for diffuse alveolar hemorrhage, idiopathic pneumonia syndrome, and more.

Pulmonary Infections in the Cancer Patient {#Sec6}
------------------------------------------

Pneumonia is the most common infection in cancer patients \[[@CR143]\]. Malignancy and chemotherapy both convey varying degrees of immunosuppression which in turn predispose to the development of infectious pneumonitis. The type of immune defect, humoral, cell-mediated, or qualitative granulocyte dysfunction, commonly influences microorganisms which breach host defenses. For example, defects in B-cell number or function as seen in acute leukemia and multiple myeloma predispose patients to infection with gram negative and encapsulated bacteria. Lymphoma or prolonged corticosteroid use may deplete T-cells leading to impairment in cell-mediated defense. Common infections in such patients include endemic mycosis and other fungal pathogens such as pneumocystis and Cryptococcus, mycobacteria, and viruses (especially CMV). Myeloproliferative disorders or the ablative effects of various chemotherapy may induce neutropenia leading one to be susceptible to virulent gram positive and negative bacteria, as well as opportunistic fungi including Aspergillus.

### Bacterial Pneumonia {#Sec7}

Bacterial pneumonia is the most common infection in the oncology patient predisposing to acute respiratory failure. In a cohort of 424 cancer patients with respiratory failure of determined etiology, bacterial pneumonia was diagnosed in 47%. Of these, the classic community acquired pathogens accounted for 25%. Streptococcus pneumonia was most frequently diagnosed. This followed by other streptococci, and more virulent and often resistant health care associated organisms such as *Staphylococcus aureus* (7.5%), *Pseudomonas aeruginosa* (16%), *Enterobacter cloacae* (10%), and *Klebsiella pneumonia* (4%). Ten percent culture positive pneumonia was documented due to intracellular organisms such as *Legionella pneumophilia* (5%), *Mycoplasma pneumonia* (2.5%), *Coxiella burnetii* (1%), and *Chlamydia pneumoniae* \[[@CR153]\].

### Viral Pneumonia {#Sec8}

Seasonal respiratory viruses are often implicated as a cause of pneumonia in the immunocompromised host, more often in stem cell transplant patients and those with hematologic malignancy. Influenza is involved in one-third of such cases. Respiratory syncytial virus and parainfluenza are also commonly involved. With the advent of rapidly available viral PCR testing, human metapneumovirus has emerged as a common respiratory viral pathogen \[[@CR154]\]. Immunocompromised oncology patients may present as symptoms of upper respiratory illness such as laryngitis, rhinorrhea, and congestion. In contrast to their immunocompetent counterparts, cancer patients may not rapidly improve over 3--5 days; rather they may progress to severe lower respiratory infection and manifest cough, wheezing, and hypoxia \[[@CR88]\].

Opportunistic Infections {#Sec9}
------------------------

Opportunistic infections are common in these patients and may account for up to 30% of pulmonary infections \[[@CR153]\]. Such infections include cytomegalovirus (CMV) pneumonia, invasive pulmonary aspergillosis, *Pneumocystis jirovecii*, tuberculosis, and atypical mycobacteria.

### CMV Pneumonia {#Sec10}

Largely characterized as an opportunistic infection, the incidence of CMV pneumonia in patients with hematologic malignancy is estimated near 40% of seropositive patients \[[@CR110]\]. At least 60% of the US population has been exposed to CMV \[[@CR189]\]. In patients with hematologic malignancy, steroid therapy, or bone marrow transplantation, latent CMV may reactivate and affect nearly any organ. Life threatening pneumonia may develop in this group. The radiographic presentation is variable and nonspecific including lobar consolidation mimicking bacterial processes, ground-glass opacities, or reticulonodular infiltrates. Serum CMV DNA polymerase chain reaction (PCR) has a high sensitivity but a low positive predictive value; thus, the diagnosis relies on culture or histopathology \[[@CR63]\]. True infection warrants treatment with ganciclovir or foscarnet. Interestingly, increased incidence of co-infection with Nocardia and molds such as Aspergillus has been documented in patients with CMV pneumonia \[[@CR44]\]. It is unclear if this is an epiphenomenon or what the mechanism is for such co-infection.

### Pulmonary Aspergillosis {#Sec11}

Invasive aspergillusis a major cause of death in patients following BMT. It commonly involves the lungs and sinuses of neutropenic patients and may present with fever, chest pain, and hemoptysis. Often, fever may be the only manifestation and the disease is suspected via lung imaging with CT scan. Specific patterns suggestive of various types of pulmonary aspergillosis are described in Table [2](#Tab2){ref-type="table"}. Prompt diagnosis is imperative as the angioinvasive fungus may disseminate outside the respiratory tract to other organs. Such dissemination portends a mortality rate between 40% and 80% \[[@CR20], [@CR112]\]. Voriconazole is the drug of choice; however, combination therapy may be required.Table 2Computed tomography characteristics of select causes of acute respiratory failure in cancer patientsDiseaseRadiographic correlatesARDSDiffuse, bilateral, and symmetric opacities which become more uniform in dependent areas. Often interlobular septal thickening and ground glass attenuation (crazy paving pattern) is present \[[@CR79]\]Acute interstitial pneumoniaDiffuse, bilateral, and symmetric ground glass opacities and parenchymal consolidation which may be most apparent in peripheral and lower lung regions. Later fibrotic phases may manifest with traction bronchiectasis and honeycombing \[[@CR3]\]Organizing pneumoniaPatchy areas of opacification which may be peripheral, subpleural or peribronchial. Centrilobular nodules may be present. Ground glass opacities may be surrounded by a rim of consolidation (Atoll or "reverse halo" sign) \[[@CR70]\]Diffuse alveolar hemorrhageGround glass attenuation with bilateral (often hilar) consolidation in a "butterfly" appearance. Typically spares the subpleural areas \[[@CR140]\]Lymphangitic spread of malignancyInterlobular septal thickening which is nodular. Perilymphatic nodules present. Lung architecture is generally preserved. Mediastinal adenopathy may be present \[[@CR93]\]PJP pneumoniaBilateral perihilar and central ground glass opacities often associated with smooth interlobular septal thickening (crazy paving pattern). Cysts may be found within the ground glass opacities. Cysts may have bizarre shapes \[[@CR125]\]Pulmonary aspergillosis1. Angioinvasive disease: pulmonary nodules with a halo of ground glass surrounding the nodule (Halo sign). Ground glass represents hemorrhage. Wedge shaped infarct may be present. Necrosis and cavitation may occur2. Allergic bronchopulmonary aspergillus: central or upper lobe bronchiectasis with mucoid impaction, often of high attenuation. Mucoid impaction may results in bronchocoele (finger-in-glove sign)3. Aspergilloma: Thin or thick-walled cavity with soft tissue density within. Mass may be mobile with positioning \[[@CR73]\]

### *Pneumocystis jirovecii* Pneumonia {#Sec12}

Infection with the opportunistic fungi *Pneumocystis jirovecii* is most common in individuals with T-cell deficiency. Classically described in patients with HIV/AIDS, this infection is also common and increasingly seen in those with hematologic malignancy or bone marrow transplant, as well as in those taking moderate doses of systemic corticosteroids. A Mayo Clinic series of 116 patients with PJP evaluated the epidemiology of the infection and noted hematologic malignancy as a risk factor in 30% of cases. Patients with solid tumors comprised 13% of infections \[[@CR187]\]. Symptoms are often more severe in the non-HIV patient. Respiratory failure is common. Classic radiographic findings are listed in Table [2](#Tab2){ref-type="table"}.

### Nocardia {#Sec13}

Often overlooked in the immunocompromised host is pulmonary infection with unusual pathogens such as Nocardia. Nocardia is a gram-positive infection in which two-thirds of patients demonstrate impaired cell medicated defense. Such deficiency is seen in lymphoma, bone marrow transplant, and with glucocorticoid use \[[@CR178]\]. An inoculum is inhaled which leads to Nocardia pneumonia, the most common pulmonary manifestation. Pleural involvement and emphysema is common; as is disseminated CNS disease. Diagnosis if frequently delayed and is often radiographically confused with metastatic cancer \[[@CR113]\].

Fungal Pneumonia {#Sec14}
----------------

A useful way to categorize fungal pneumonia is based on the patient's pattern of immunodeficiency. For example, neutropenia predisposes to infection with angioinvasive molds such as Mucor and Aspergillus. On the other hand, patients with T-cell defects are subject to infections with Cryptococcus, PJP, and endemic mycosis such as *Coccidioides immitis, Blastomyces dermatitidis, and Histoplasma capsulatum*.

Isolated cryptococcal pneumonia is uncommon and pulmonary infection generally indicates widespread dissemination. In a review of 34 HIV-negative immunocompromised patients with cryptococcal pneumonia, 28 had evidence of extrapulmonary disease at time of diagnosis \[[@CR98]\]. The clinical course may be quiescent with prolonged indolent infection, or the patient may present with fulminant respiratory failure and ARDS \[[@CR132], [@CR180]\]. CNS involvement should be sought out in all patients with pulmonary Cryptococcus. Mild cases may be treated with azole therapy, whereas severe respiratory failure and disseminated disease necessitate amphotericin B.

Noninfectious Parenchymal Disorders {#Sec15}
===================================

ARDS and ARDS Mimics {#Sec16}
--------------------

The acute respiratory distress syndrome imparts a high mortality and is characterized by infiltration of the alveoli by protein-rich pulmonary edema with resultant severe mixed respiratory failure. Clinicallyit is defined as acute onset of respiratory symptoms within 1 week, bilateral radiographic airspace opacities, hypoxemia defined as arterial partial pressure of oxygen to fraction of inspired oxygen ratio less than 300 mmHg on at least 5 cmH~2~O of PEEP, and exclusion of cardiogenic cause of the alveolar edema \[[@CR9], [@CR10]\]. Numerous conditions predispose to the syndrome, many of which are commonly found in the oncology patient. Sepsis, aspiration, massive transfusion and transfusion reactions, drugs, and even hematopoetic stem cell transplantation are associated with ARDS \[[@CR99], [@CR102], [@CR136]\].

There is a selection of diffuse lung diseases that mimic ARDS both clinically and radiographically but have different etiologic and pathophysiologic characteristics. It is important to distinguish these from true ARDS as they typically respond well to systemic glucocorticoid therapy. These entities include: acute interstitial pneumonia (AIP), acuteeosinophilic pneumonia, organizing pneumonia, diffuse alveolar hemorrhage, and acute hypersensitivity pneumonitis. Confusion is commonplace as malignancy, chemotherapy regimens, and bone marrow transplantation may predispose to either ARDS or respiratory failure from an ARDS mimic \[[@CR4], [@CR128], [@CR163]\]. In practice, one often cannot distinguish between them without aid of bronchoscopy or surgical lung biopsy. Differentiation between true ARDS versus ARDS imitators is important as ARDS mimics may be more responsive to anti-inflammatory therapies.

Radiation Injury and Fibrosis {#Sec17}
-----------------------------

Radiation therapy (RT) is a mainstay of therapy for various stages of lung, neck, and breast cancer as well as lymphoma. The use of RT has increased, in part as it is tolerated well, generally with few side effects. The lung is radiosensitive and toxicity may occur as collateral damage with an incidence of up to 28%. The incidence is less frequent when radiation is used for treatment of breast cancer \[[@CR115]\]. Clinically, the lung has two distinct pathologic responses to ionizing radiation. Radiation pneumonitis is an acute or subacute reaction which occurs within 6 months of thoracic radiotherapy. Risk for acute radiation pneumonitis depends on concomitant use of certain chemotherapy agents, prior radiation, total dose and field size, as well as host factors such as prior chronic lung disease \[[@CR52]\]. Dyspnea, cough, and fever develop prior to radiographic changes. Pulmonary function tests demonstrate restrictive ventilatory defect. Reduction in the diffusion capacity (DLCO) is the most sensitive maker of acute and subacute radiation injury \[[@CR126]\]. Depending on the degree of lung tissue damaged, the course may be self-limited or progress to severe acute lung injury and fulminant hypoxic respiratory failure \[[@CR82]\]. CT correlation can be used to assess the severity of disease. Oxygen and concomitant chemotherapy may worsen the lung injury \[[@CR168]\]. The areas of RP tend to develop fibrosis over time \[[@CR49]\]. Corticosteroids remain the mainstay of treatment.

Radiation fibrosis occurs 6 months to 1 year following completion of radiation therapy. The development of acute radiation pneumonitis is not a prerequisite for progression to fibrosis; patients may be asymptomatic until the late onset of breathlessness or in severe cases, respiratory failure and acute cor pulmonale. The diaphragm may also be affected resulting in hypoventilation \[[@CR126]\]. Fibrosis tends to occur on the margins of the radiation field. Fibrosis may cause distortion of the interstitium or traction of the airways. Fibrosis may alter the function of the mucociliary elevator and predispose patients to infection \[[@CR126]\]. Treatment is largely supportive and steroids have no role in therapy of radiation fibrosis. Radiation therapy may also lead to radiation-associated organizing pneumonia.

Drug-Induced Lung Injury {#Sec18}
------------------------

Pulmonary drug toxicity is a diagnosis of exclusion and can be difficult to diagnose owing to protean clinical and radiographic manifestations \[[@CR147]\]. The presentation is often subacute or chronic and insidious as opposed to acute. It is estimated that up to 20% of patients treated with cytotoxic drugs may develop respiratory symptoms \[[@CR158]\]. Numerous drugs are associated with various forms of pulmonary toxicity and the diagnosis should be considered in any cancer patient with new respiratory failure and pulmonary opacities on chest imaging. Drug-induced damage may be dose dependent or idiosyncratic \[[@CR131]\]. Databases such as Pneumotox (<https://www.pneumotox.com/drug/index/>) have been established detailing the many histopathologic and radiologic findings associated with numerous agents. These resources are invaluable in formulating a differential diagnosis and it is often useful to correlate a specific radiographic pattern to a drug in question. In terms of pathophysiological mechanism, bleomycin toxicity is well understood and serves as an archetype for our understanding of drug-induced pulmonary toxicity. Bleomycin damages capillary endothelium and type I pneumocytes leading to free radical damage and exaggerated inflammatory response. Given the release of free radicals, oxygen therapy may worsen the lung injury. This is an unfortunate paradox as the very supportive care used in hypoxemia may be detrimental \[[@CR46], [@CR168], [@CR171]\]. The clinical and/or radiographic pattern is variable and not specific to any drug. Common features include: organizing pneumonia, eosinophilic pneumonia, cardiac and noncardiac pulmonary edema, bronchoconstriction, diffuse alveolar hemorrhage, radiation recall, and more \[[@CR92], [@CR148], [@CR150]\]. Table [3](#Tab3){ref-type="table"} lists radiographic manifestations of select commonly used antineoplastic drugs.Table 3Pulmonary complications associated with common chemotherapeutic drugs. (Disease patterns referenced from Pneumotox)DrugAssociated pulmonary complicationBleomycinARDS, eosinophilic pneumonia, organizing pneumonia, pulmonary fibrosis, acute interstitial pneumonia, pneumothorax, pulmonary veno-occlusive disease, NSIP5-FUPulmonary fibrosis, ARDS, pulmonary edemaBevacizumabARDS, DAH, bronchospasm, pulmonary arterial hypertensionBortezomibOrganizing pneumonia, ARDS, DAH, pulmonary arterial hypertension, infectionCarfilzomibDAH, pulmonary arterial hypertensionCarmustinePulmonary fibrosis, ARDS, pleural effusion, pneumothorax, radiation recall pneumonitis, pleuroparenchymal fibroelastosis (PPFE)CyclophosphamideOrganizing pneumonia, pulmonary fibrosis, PPFE, ARDS, DAH, bronchospasm, pleural effusion, pulmonary veno-occlusive diseaseDoxorubicinOrganizing pneumonia, pulmonary fibrosis, ARDS, radiation recall pneumonitisEtoposideARDS, DAH, bronchospasm, angioedemaFludarabineEosinophilic pneumonia (acute and chronic), organizing pneumonia, lung nodues, ARDS, DAH, pleuriticGemcitabineEosinophilic pneumonia, pulmonary fibrosis, radiation recall pneumonitis, AIP or ARDS, pulmonary edema, bronchospasm, pleural effusion, pleuritisIfosfamidePulmonary fibrosis, radiation recall pneumonitis, pulmonary edema, hypoxiaMelphalanPulmonary fibrosis, ARDS, bronchospasm, organizing pneumonia, NSIP, UIPMethotrexateOrganizing pneumonia, pulmonary fibrosis, lung nodules, ARDS, AIP, DAH, bronchospasm, eosinophilic pleural effusion, pulmonary embolism, angioedemaPaclitaxelARDS and AIP, radiation recall pneumonitisPemetrexedOrganizing pneumonia, ARDS and AIP, DAH, pleuritis, capillary leakRituximabOrganizing pneumonia, pulmonary fibrosis, ARDS, pulmonary edema, hemoptysis, cough, asthma attackThalidomideEosinophilic pneumonia, organizing pneumonia, pulmonary embolism, pulmonary arterial hypertensionVincristineCellular NSIP, laryngospasmNivolumabEosinophilic pneumonia, AIP, organizing pneumonia, shrinking lung, ARDS, pleural effusion

Newer antineoplastic agents now in circulation are also associated with various forms of pulmonary toxicity. These immunomodulating monoclonal antibody therapies targeting anticytotoxic T-lymphocyte antigen 4 (CTLA-4) and programed death 1 (PD-1) are being commonly used in nonsmall cell carcinoma as well as against melanoma. They have been associated with generalized dyspnea, pneumonitis, and even organizing pneumonia. Depending on the degree of severity, treatment may entail simply withdrawing the offending agent, or in severe cases, high dose glucocorticoids \[[@CR22], [@CR129]\].

CAR-T therapy is associated with cytokine release syndrome, which affects multiple organs, including the lungs. Pulmonary side effects of this emerging therapy include pulmonary edema, pneumonitis, and subsequent respiratory failure, often severe enough to require mechanical ventilation \[[@CR38]\].

Aspiration Pneumonitis and Pneumonia {#Sec19}
------------------------------------

Patients with head and neck cancer, gastrointestinal malignancy, or those who have undergone CNS or mediastinal radiation therapy are at risk for aspiration pneumonia . The use of opioid narcotics and sedatives further increases this risk. Only 20% of frank aspiration events result in clinical infection \[[@CR111]\]. The majority of aspiration imparts a chemical pneumonitis. Yet the incidence of frank aspiration events is likely underreported, especially in the intensive care unit. Based on pepsin measurements in BAL, a multicenter study of 360 mechanically ventilated patients estimated that 89% of patients undergoingmechanical ventilation silently aspirate \[[@CR118]\]. This is particularly detrimental in the cancer population with waning immune response and may lead to further catastrophic complications such as ARDS.

Transfusion-Related Acute Lung Injury and Circulatory Overload (TRALI/TACO) {#Sec20}
---------------------------------------------------------------------------

Transfusion-related acute lung injury (TRALI) is an immune mediated inflammatory noncardiogenic pulmonary edema that occurs following transfusion of blood products, most frequently plasma \[[@CR179]\]. It most often manifests within minutes to hours. Clinically it is defined as new hypoxia and diffuse bilateral infiltrates that occur within 6 h of transfusion \[[@CR33], [@CR156]\]. Fever is common as is hypotension. Oncology patients are especially at risk given their frequent need for transfusion. This diagnosis should be considered with any new respiratory failure following transfusion, even of allogenic stem cells. TRALI may be confused with transfusion related circulatory overload (TACO), though latter is more often associated with cardiac dysfunction, need for rapid infusion of fluids, and an overall positive fluid balance \[[@CR51]\].

Organizing Pneumonia {#Sec21}
--------------------

Organizing pneumonia, often referred to as bronchiolitis obliterans organizing pneumonia or cryptogenic organizing pneumonia, is one of the idiopathic interstitial pneumonitis characterized by proliferation of granulation tissue with the alveoli and alveolar ducts \[[@CR54]\]. Clinically its manifestations are nonspecific and often overlap with infectious pneumonia. When no precipitating cause can be identified, it is referred to as cryptogenic organizing pneumonia \[[@CR56]\]. Characteristic radiographic findings are included in Table [2](#Tab2){ref-type="table"}. There are many inciting causes including infection, autoimmune disease, vasculitis, immune deficiencies, and transplantation \[[@CR43]\]. It has been reported after engraftment of in bone marrow recipients and is associated with acute and chronic graft versus host disease \[[@CR4]\]. It may also occur in the context of lung cancer or hematologic malignancy including acute and chronic leukemias, myelodysplastic syndrome, t-cell leukemia, Evans syndrome, and Hodgkin disease \[[@CR167]\]. It may also occur as a response to acute drug toxicity or even following radiation therapy \[[@CR121], [@CR170]\]. Diagnosis established definitively by lung or transbronchial biopsy but may be suggested on bronchoalveolar lavage. It is a particularly satisfying diagnosis to make as it demonstrates remarkable response to corticosteroid treatment. Relapses, however, are common following withdrawal of steroids \[[@CR104]\].

Parenchymal Disorders Common to HCT Patients {#Sec22}
--------------------------------------------

Pulmonary complications of HCT are common as transplant conditioning and posttransplant immunosuppression predispose to numerous infections and noninfectious cause of respiratory failure. Whereas some conditions occur in other cancer patients (organizing pneumonia, drug toxicity, infection, pulmonary edema, and diffuse alveolar hemorrhage and more), others are specific to the HCT patient. Such disease states include the engraftment syndrome and idiopathic pneumonia syndrome.

### Peri-Engraftment Respiratory Distress Syndrome (PERDS) {#Sec23}

Over 10% of patients undergoing HCT will develop PERDS. It presents during neutrophil recovery and is characterized by fever, rash, and hypoxia from noncardiogenicpulmonary edema. Respiratory failure requiring mechanical ventilation is common \[[@CR2], [@CR47]\]. The Spitzer criteria are used for diagnosis. Major criteria include fever, rash, and pulmonary edema. Minor criteria are weight gain, hepatic or renal injury, and encephalopathy. Diagnosis is established by incorporation of three major, or two major and one minor criteria \[[@CR55]\].

### Idiopathic Pneumonia Syndrome {#Sec24}

The idiopathic pneumonia syndrome is a complication of allogenic stem cell transplant that may occur between weeks to months of transplantation. It has been defined as radiographic diffuse alveolar infiltrates with symptoms of pneumonia and objective hypoxia. To fulfil the criteria, infection must be ruled out by negative bronchoalveolar lavage or biopsy \[[@CR48]\]. Disease progression is rapid and often requiresmechanical ventilation. Tumor Necrosis Factor alpha inhibitors such as etanercept or corticosteroids may be of some benefit \[[@CR47]\].

### Diffuse Alveolar Hemorrhage (DAH) {#Sec25}

Hemorrhage into the alveolar space with or without clinical hemoptysis defines DAH. Bleeding may be bland, or be due to pulmonary capillaritis or diffuse alveolar damage. Many disease states are associated with DAH, but in the cancer patient, DAH is most often linked to chemotherapy and HCT. Risk factors include advancing age, intensive ablative regimens, concomitant infection, and GVHD. Diagnosis is based on BAL with return of progressively bloodier aliquots of fluid, or by demonstration of \>20% hemosiderin laden macrophages \[[@CR47]\].

Vascular Disorders {#Sec26}
------------------

### Pulmonary Embolism {#Sec27}

Clinically significant deep venous thrombosis and pulmonary embolism may occur in 10% of patients with cancer as a result of a hypercoagulable state, tumor compression of blood vessels, and due to surgery and some chemotherapy agents \[[@CR84], [@CR175]\]. Risk also increases with advanced stage of cancer and tumor type. Of the solid tumors, brain, pancreatic, and stomach cancers are most associated with thromboembolic disease. Of the hematologic malignancies, AML is the most frequent culprit of thrombosis \[[@CR186]\]. Most pulmonary emboli originate in the proximal veins of the lower extremities. Pulmonary embolism may be classified as acute or chronic, by size, or by hemodynamic characteristics \[[@CR95], [@CR96]\]. Low molecular weight heparin is the agent of choice for treatment \[[@CR96], [@CR105]\]. In cases of massive pulmonary embolism with hemodynamic compromise, the American College of Chest Physicians suggests use of thrombolytics or catheter directed thrombolysis (Grade 2B and 2C recommendations) \[[@CR96]\]. Use of thrombolytics is contraindicated in the stable patient \[[@CR96]\], though there is much debate if hemodynamically stable patients with high risk of deterioration (submassive PE) benefit from clot lysis \[[@CR119]\]. Often patients with malignancy have contraindications to anticoagulation. These patients may benefit from placement of a filter within the inferior vena cava. However, recent evidence notes that in patients that can receive anticoagulation, the concomitant use of such filters may not prevent recurrence of pulmonary embolism \[[@CR120]\].

### Pulmonary Leukostasis {#Sec28}

Pulmonary leukostasis occurs in patients with acute leukemia or chronic myeloid leukemia in blast crisis and is a result of symptomatic hyperleukocystosis \[[@CR60], [@CR62]\]. White blood cells are typically in excess of 50,000--100,000 per microliter of blood which greatly increases blood viscosity. In addition to cellular occlusion of the microvasculature, metabolic activity of neutrophils results in hypoxemia and leads to cascade of cytokines and subsequent pulmonary injury \[[@CR107]\]. Chest radiograph may or may not reveal infiltrates. Partial pressure of oxygen in an arterial blood gas may be spuriously low due to local metabolic activity of neutrophils. As such, pulse oximetry more accurately reflects oxygen balance in these patients. Prompt treatment with leukopheresis is necessary as left unchecked, mortality rates may exceed 40% \[[@CR62]\].

Cardiac Causes of Acute Respiratory Failure {#Sec29}
-------------------------------------------

### Congestive Heart Failure {#Sec30}

Chemotherapy-induced cardiomyopathy may not become apparent until the development of a high-output challenge such as anemia or infection. Often it is discovered during fluid resuscitation or with subsequent chemotherapy \[[@CR168]\]. Offending agents include anthracyclines, cyclophosphamide, and more. Monoclonal antibodies such as Trastuzumab are also associated with cardiac dysfunction \[[@CR34]\]. Chemotherapy-induced heart failure may manifest as acute pulmonary edema and subsequent acute respiratory failure.

### Pulmonary Veno-occlusive Disease {#Sec31}

A particularly insidious cause of respiratory failure in the cancer patient (albeit rare) is pulmonary veno-occlusive disease. A unique form of postcapillary pulmonary hypertension, this disorder is rapidly fatal without lung transplant. Various chemotherapy regimens are associated with the development of this disorder including bleomycin and mitomycin. Bone marrow transplantation is also a risk factor \[[@CR66], [@CR77]\].

Other Causes of Acute Respiratory Failure {#Sec32}
-----------------------------------------

### Pleural Effusions {#Sec33}

Symptomatic pleural effusions may compress the lung with resultant ARF. These effusions represent sequela of a number of conditions common to the cancer patient including primary malignant effusion, infectious parapneumonic effusion and empyema, pulmonary embolism, heart failure, and more. Any new symptomatic effusion, especially in the context of infection, demands timely sampling \[[@CR144]\]. Malignant pleural effusion typically represents an advanced stage of cancer and may be due to metastatic disease, lymphoma, or primary pleural malignancy such as mesothelioma. Treatment will be dictated by the underlying etiology. Depending on the rate of accumulation, malignant effusions may be dealt with by serial thoracentesis, indwelling pleural catheters, or pleurodesis \[[@CR85]\].

Diagnosis {#Sec34}
=========

Respiratory failure is life threatening, and prompt diagnosis of the initiating cause may improve prognosis \[[@CR14], [@CR87]\]. The approach taken depends in part on the patient's clinical condition.

Subacute and chronic respiratory failure may afford more time to gather diagnostic data, whereas severe acute hypoxemia or impending cardiopulmonary collapse warrants empiric therapeutic action in concert with rapid diagnostic precision.

The history and pace of cardiopulmonary deterioration provide vital clues to the underlying etiology. Consideration of the nature of immunologic defect is paramount, as is adjunctive chemotherapy and radiation therapy, travel history, environmental exposures, recent hospitalizations, and procedures. A detailed review of prior chemotherapy regimens, past and current medications (prescription and over the counter) is obligatory. Careful attention to subtle clinical signs may reveal a diagnosis. Following a detailed history and physical examination, laboratory and radiographic investigations should selectively pursued to confirm or reject hypothesized differential diagnosis in a Bayesian approach.

Azoulay and colleagues outlined a diagnostic approach to ARF in cancer patients \[[@CR12]\]. The utility of this strategy was found clinically useful in an original investigation published in the *European Respiratory Journal* \[[@CR153]\]. This approach, easily remembered by the mnemonic DIRECT, is outlined in Table [4](#Tab4){ref-type="table"}.Table 4DIRECT criteria for identifying causes of acute respiratory failure in cancer patients. (Adapted from Ref. \[[@CR12]\])**DIRECT***Delay* since malignancy onset or HSCT, since symptom onset and since implementation of antibiotics/prophylaxisNature of *immune* deficiency*Radiographic* appearance*Experience* and knowledge of the literature*Clinical* pictureFindings by HR*CT*

Diagnostic Studies {#Sec35}
------------------

Historically, flexible bronchoscopy with bronchoalveolar lavage and biopsy has been the diagnostic modality of choice. Yet this procedure yields a diagnosis in approximately 50% of patients \[[@CR39], [@CR40], [@CR114], [@CR138], [@CR177]\]. Some studies quote a higher diagnostic yield of nearly 90% in the bone marrow transplant population \[[@CR165]\]. More recent data suggest that bronchoscopy changes the course of management in only 18% of cases \[[@CR15]\]. The procedure is not without risk although the complication rates of bronchoscopy are generally low and occur in less than 1% of patients. However, in the hypoxemic cancer patient, the risk of complications increases tenfold. Open lung biopsy or video-assisted thoracoscopic surgery may provide a specific diagnosis more frequently than bronchoscopy. Yet the complication rates may be even higher with a surgical approach. Often the critically ill cancer patient is of poor protoplasm for undergoing surgery with general anesthesia \[[@CR168]\]. In essence, the moderate diagnostic yield of bronchoscopy (or surgery) must be weighed against the risk of complications. The primary concern is worsening hypoxemia to the degree requiring invasive mechanical ventilation. This complication is a near death sentence asmechanical ventilation in those with hematologic malignancy portends a mortality rate ranging from 44% to 100% \[[@CR14]\]. Those with solid malignancy have improved outcomes undergoing mechanical ventilation compared to patients with hematologic disease. Given this risk, multiple simultaneous noninvasive modalities (echocardiography, computed tomography, etc.) should be considered prior to bronchoscopy. Noninvasive testing without bronchoscopy is noninferior to FO-BAL in identifying a cause of ARF in patients with cancer and may in fact identify the cause of ARF more quickly than FO-BAL \[[@CR15]\].

Noninvasive testing such as bedside ultrasound and echocardiography is rapidly obtained and provides a wealth of information. Acute cardiogenic pulmonary edema is present in 10% of cancer patients with ARF. Given the wide prevalence of coronary artery disease and the use of cardiotoxic agents such as anthracyclines, pericardial effusions and cardiogenicpulmonary edema should be ruled out in all cancer patients with acute respiratory failure. History, exam, and review of medications may increase suspicion for acute heart failure. Interestingly, plasma brain natriuretic peptide may be spuriously elevated in patients with malignancy (sources). Therefore, caution is warranted in the use of BNP in cancer patients. Echocardiography is the diagnostic modality of choice to suggest the presence of cardiac dysfunction. Bedside ultrasound may reveal evidence of extra-vascular lung water or pleural effusions \[[@CR137]\].

Infection leading to respiratory failure should be of chief concern. When suspecting infection, time course of the cancer patient's fundamental illness should be kept in mind, as should nature of the patient's immunosuppression. There has been an influx of biochemical assays that may reveal a culprit infection without the need for invasive diagnostics such as bronchoscopy or surgicallung biopsy. Nasopharyngeal viral PCR, immunofluorescence testing, and serum and urine antigen testing may provide valuable diagnostic data. Classic blood and sputum testing is a blunt instrument, yet exciting new tests are currently available, albeit costly. The Karius *Digital Culture*™ is a clinically validated test that can rapidly detect more than 1,250 bacteria, viruses, fungi, and parasites from a single blood draw. It has been demonstrated to have high diagnostic yield of fastidiously difficult to culture pathogens, as well in those patients who have already received broad spectrum antibiotics. A pilot study revealed probable infectious culprits (including Aspergillus fumigatus) in 18 patients with neutropenic fever, even in patients with no definitively positive blood cultures (need to add the source). This testing modality seems promising, but more research is needed before becoming mainstream, especially at the cost of 2,000 USD.

The radiographic pattern of illness is invaluable in the assessment of the hypoxemic cancer patient. However, keep in mind that the plain chest radiograph lacks sensitivity in this population due to muted inflammatory responses. In patients with febrile neutropenia, the plain chest radiograph has a sensitivity of only 36% when evaluating for suspected infection \[[@CR78]\]. The sensitivity and specificity of thoracic computed tomography is greater in the evaluation of suspected infection. In addition it also provides detailed patterns such as nodules, infiltrates and consolidation, cysts, cavitation, and more, which can guide physicians in establishing a differential diagnosis and in planning invasive diagnostic procedures. For example, with the appropriate history of a patient with Hodgkin's disease or a patient on corticosteroids, a diffuse bilateral process with hilar ground glass opacities and interlobular septal thickening (crazy-paving) with cysts of varying size should be considered infection with *Pneumocystis jirovecii* pneumonia until proven otherwise. Often CT may itself be diagnostic. CT pulmonary angiography is now the gold standard for the diagnosis of acute pulmonary embolism \[[@CR91]\]. Table [2](#Tab2){ref-type="table"} lists the radiographic characteristics of select causes of acute and chronic respiratory failure in patients with malignancy.

Simplicity is not the norm in the immunocompromised host and the principle of "Occam's razor" may not apply to this population. Often multiple simultaneous infections or conditions may coexist. Thus, a broad and thorough evaluation is warranted in any cancer patient with acute or chronic respiratory failure.

Management {#Sec36}
==========

Optimal care for the critical ill cancer patient with ARF requires not only a solid foundation in the principles of cardiopulmonary physiology and appropriate support, but also of the fundamental neoplastic disease-related and treatment-related complications that can occur in the cancer population. Staying abreast of the rapid development of novel chemotherapeutics and advances in ICU care is becoming increasingly difficult. Given this, and the complexity of the critically ill cancer patient, these patients should be cared for by a multidisciplinary team with expertise in pulmonary and critical care, oncology, and palliative care. Such combined efforts have been documented to improve patient outcomes in the ICU setting \[[@CR141]\]. In addition, the collective experience of multiple specialists can hasten the diagnosis in the cancer patient with ARF. Given that the differential diagnosis for hypoxemia in the cancer patient is so large, it is important to approach the diagnosis through the lens of multiple looking glasses.

Although there are many causes of respiratory failure in those with malignancy, treatment principles are similar. Supportive care directed at the underlying root cause of a cancer patient's respiratory deterioration remains the goal of critical care admission. Treatment of type I respiratory failure should include oxygen therapy, whereas ventilatory support should be utilized in patients with hypercapnia. Often overlap of hypoxemia and hypercapnea may occur, further complicating therapy. The cause of ARF should be established as this has important prognostic and therapeutic implications. For example, the ventilatory strategy employed for the patient with head and neck cancer suffering from upper airway obstruction may differ from the method used to support a patient with hypoxemia from cardiogenic pulmonary edema. Likewise the tenets of treatment for a patient with diffuse lung disease and refractory hypoxemia will differ drastically compared to the therapy required for a patient with NSCLC and COPD exacerbation. Whatever the reason for respiratory failure in the cancer patient, establishing an airway, invasively or noninvasively takes precedence as in any other respiratory crisis. Figure [1](#Fig1){ref-type="fig"} outlines an approach to supportive care for respiratory failure in the oncology patient.Fig. 1Initial supportive treatment for respiratory failure in the cancer patient

Noninvasive Positive Pressure Ventilation and High-Flow Nasal Oxygenation {#Sec37}
-------------------------------------------------------------------------

Twenty years ago,mechanical ventilation portended a near death sentence for the hematology and bone marrow transplant patient. With an already weakened immune system, these patients fell victim to virulent nosocomial infections and ventilator associated pneumonia \[[@CR58]\]. The endotracheal cuff may also erode the trachea mucosa allowing the pooled nidus of bacteria infested secretions of the upper airway to translocate to the blood stream or migrate to the lower respiratory tract \[[@CR57]\]. Tracheal erosions also predispose to bleeding in the pancytopenic patient.

Given this, interest in treatinghypoxic respiratory failure in this population with noninvasive modalities blossomed. In 2000, Antonelli et al. evaluated the use of NIV in postoperative solid organ transplant recipients. While cancer patients were not included, use of NIV in these immunocompromised patients following transplantation improved PaO~2~ and reduced the rate of fatal complications. In addition, those treated with NIV less often required escalation to mechanical ventilation \[[@CR8]\]. The following year, a single center, randomized controlled trail of 52 immunocompromised hypoxemic patients demonstrated that noninvasive positive pressure ventilation delivered by face mask reduced mortality and reduced complications when compared to oxygen therapy alone \[[@CR89]\]. The population in this study was overwhelmingly comprised of patients with hematologic cancers. This study noted a 93% case mortality rate in those patients treated with oxygen alone. Over the subsequent decade, survival of cancer patients in the ICU improved, even among those undergoing mechanical ventilation. Along with this trend, fewer studies demonstrated benefit of NIV in hematology patients. Often the etiology of respiratory failure was not taken into account, nor was time on onset of ARF to trial of noninvasive ventilation controlled. Patients with cardiogenic pulmonary edema and hypercapnic respiratory failure were included, the presence of which may have further confounded the ability to parse out which patients truly benefited from an early trial of NIV \[[@CR64]\].

In 2012 Wermke conducted a study evaluating early use of NIV in patients with hypoxic respiratory following allogenic hematopoietic stem cell transplant. Eighty-six patients with homogenous baseline characteristics were enrolled and randomized to oxygen therapy only versus treatment with NIV. This population of patients was studied within the wards rather than intensive care unit. There was no mortality difference between the two groups, nor was there a difference in escalation to ICU level care or implementation of invasive mechanical ventilation \[[@CR184]\]. Studies in patients without cancer presenting withhypoxic respiratory failure due to community acquired pneumonia and without associated organ dysfunction have shown benefit with the use of NIV \[[@CR36], [@CR72], [@CR97]\]. This is not borne out in the cancer patient. In fact, data indicate that cancer patients with documented respiratory infection may do worse when subjected to NIV as first line therapy for hypoxemia \[[@CR71]\].

Presumably the same variables that plague outcomes of NIV in the noncancer patient with hypoxic respiratory failure also affect the outcomes in the cancer population. Hypoxic respiratory failure de novo is often prolonged and not immediately reversible. In contrast to hypercapnic respiratory failure or type I respiratory failure from cardiogenic pulmonary edema, NIV without substantial inspiratory support does not reduce the work of breathing in most cases of hypoxia \[[@CR103]\]. The inspiratory demand is increased in settings of hypoxia. This flow demand imparts more diaphragmatic inspiratory effort, ergo vast reductions in intrapleural pressure. Combining large negative pleural pressure with increased inspiratory pressures produces enormous swings in transpulmonary pressure and tidal volumes which may worsen diffuse lung injury \[[@CR94]\]. In addition, many causes of type I respiratory failure are anatomically heterogeneous resulting in over distention of smaller, healthier sections of lung. Respiratory compliance is associated with the volume of this remaining functional lung. Recent data from a post hoc observational analysis of nine randomized trials have associated driving pressure (tidal volume divided by respiratory system compliance) as a surrogate marker of "adjusted lung size." In this study, the relative risk of death increased in a near linear fashion with increasing driving pressures, even when tidal volume is kept within a "lung protective" window of 6 ml/kg ideal body weight \[[@CR7]\]. Higher driving pressures in NIV are associated with patient intolerance, leak around the mask, as well as gastric over distention with possible aspiration \[[@CR103]\].

Specialized high-Flow nasal cannula (HFNC) is capable of delivering warmed and humidified oxygen at flow between 30 and 60 l/min and may circumvent some of the adverse physiology of NIV in hypoxemia. HFNC is also associated with improved patient tolerance, a modest degree of positive end-expiratory pressure, and reduced volume of dead space ventilation \[[@CR23]\]. Benefits in patients with cancer have been demonstrated in the palliative arena \[[@CR67], [@CR83], [@CR106]\]. Yet the place of this modality of support is not firmly established. A randomized controlled trial reported survival benefit in type I respiratory failure when HFNC was used in lieu NIV or standard oxygen therapy \[[@CR74]\]. This was not borne out in a 2017 study specifically examining the use of HFNC in patients with hematologic malignancy and solid cancers. In this group, HFNC reduced the likelihood of intubation but had no significant effect on mortality \[[@CR17]\]. Currently the HIGH study is enrolling patients to evaluate the survival benefit of HFNC in immunocompromised patients. This will be the largest multicenter, randomized controlled trial to date evaluating HFNC in cancer patients. The study completion date is estimated December 2018 \[[@CR18]\].

Failure rates of NIV in the cancer patient vary widely from 25% up to 70% \[[@CR14], [@CR45], [@CR161]\]. Unfortunately, data consistently indicate that outcomes are far worse following failure of NIV \[[@CR41], [@CR122], [@CR181]\]. Whether this is due to delay of intubation, inappropriate utilization of NIV in a poorly monitored ward, impact of NiPPV on transpulmonary pressures with resultant volume and barotrauma, or other patient specific characteristics is not fully elucidated.

Previous studies have evaluated risk factors for failure of NIV in cancer patients. Such risks include high illness severity scores, presence of ARDS or multifocal lung involvement, prolonged duration of NIV, septic shock or concomitant use of vasoactive agents, male gender, high respiratory rate, and presence of documented pulmonary infection \[[@CR11], [@CR71]\] Within the last 2 years, predictive models have been created to assess a patient's risk for failing NIV. The HACOR score is one such model. This validated score ranging from 0 to 25 points takes into account the following variables of **h**eart rate, **a**cidosis, level of **c**onsciousness, **o**xygenation, and **r**espiratory rate. Rate of failure of NIV in a patient scoring \<5 is only 18%, whereas a score \>5 predicts failure of NIV in 78% \[[@CR65]\].

Truly this exemplifies the need for appropriate patient selection and to ascertain the cause of acute respiratory failure as indiscriminate application of NIV may be harmful. If used for hypoxemia, NIV should be restricted to areas of high monitoring (ICU level care) and performed early with a time sensitive trial and only in the absence of risk factors that portend high likelihood of failure. Such use is consistent with the use of NIV in the general population as outlined by the American Thoracic Society and European Respiratory Society. Otherwise NIV should be utilized in situations of established benefit such as hypercapnic respiratory failure, cardiogenic pulmonary edema, and in those patients with respiratory failure in the postoperative setting \[[@CR146]\]. Many patients present advance directives that preclude the use of mechanical ventilation. In these patients, it is reasonable to utilize NIV or even HFNC. Much as in ARDS, there is no place for non-invasive ventilation in cancer patients with hypoxemic respiratory failure and high risk of NIV failure. Such patients should simply be intubated and mechanically ventilated.

Preparation for Mechanical Ventilation {#Sec38}
--------------------------------------

Patients with risk factors predicting failure of NIV, or in whom emergent airway management is needed, are candidates for invasive mechanical ventilation. The specifics of ventilator setup, different modes and indications, prolonged ventilator management and tracheostomy, postoperative considerations, weening, and ventilator specific strategies for treatment of refractory hypoxemia are beyond the scope of this chapter. These subjects require chapters (or books) dedicated to each topic. Rather, this section will cover the challenges and strategic evaluation of the cancer patient in preparation for transition to invasive positive pressure ventilation. For further reading, Walz et al. provide a comprehensive review of airway management in critical illness including preparation, drug selection, and algorithmic approach to the difficulty and failed airway \[[@CR182]\].

Foremost the reason for ARF must be established and the appropriateness of noninvasive therapies must be weighed against the severity of illness and the potential risks of establishing an airway and proceeding with mechanical ventilation. Aside from physiologic challenges of respiratory failure, anatomic difficulties are frequent in the cancer population. This is exemplified in the case of a patient with head and neck squamous cell cancer and acute upper airway obstruction. Such anatomical distortion needs to be considered to minimize potential complications and avoid a situation in which one cannot oxygenate nor ventilate. The rate of complications of airway management differs by clinical setting. Failed intubation happens rarely (1 in 2000) in elective surgical cases in the controlled arena of the operating theatre. This number is far more frequent in the emergency department and ICU setting and failed intubation may occur in one of every 50 ICU patients \[[@CR53]\]. In every patient requiring intubation and mechanical ventilation predictors of difficulty anatomy and physiology should be sought prior to initiating rapid sequence intubation (RSI). Indeed, RSI may be detrimental to securing the airway in selected patients with severe hypoxemia, right heart failure, hemodynamic instability, or profound obesity \[[@CR123]\]. For initial evaluation of the difficult anatomic airway, the mnemonic LEMON is often used. This approach has the clinician evaluate for anatomical difficulties by **L**ooking externally for unusual anatomy, body habitus, scars, etc., **E**valuating incisor distance, the length from hyoid to mentum, and the thyroid to mouth, and assessing jaw mobility and mouth opening. Next the **M**allampati score is determined on the classic I--IV scale. Class III and above predict a difficult intubation. **O**bstruction sought out next, especially in the patient with head and neck cancer. Finally, impairment in **N**eck mobility also presents an anatomic challenge to successful first pass endotracheal intubation. Neck mobility in cancer patients may occur due to prior surgery or as sequela of radiation therapy. If the difficulty anatomic airway is predicted and time allots, it is prudent to seek airway expertise or consider an awake, fiber optic intubation.

Physiologic challenges to establishing an airway are often overlooked, but of the utmost importance. Three physiologically difficult characteristics have been described including hypoxemia, hypotension, and right heart failure. Hypoxemic patients are at risk for rapid desaturation during intubation. Tissue hypoxia implies impaired oxygen delivery or grossly exaggerated oxygen consumption, often both. In a patient with central obesity, the oxygen reserve or functional residual capacity (FRC) is reduced, and when this patient is struck with hypoxia, the time to desaturation during RSI is rapid. It is suggested that if time permits, every patient undergo a period of preoxygenation prior to intubation \[[@CR172]\], preferably with NIV \[[@CR21]\]. Note that the indication for NIV in this instance is for preparation for mechanical ventilation. NIV has been shown to improve preoxygenation and end-tidal oxygen far better than standard oxygen alone \[[@CR21], [@CR164]\]. Once apneic, implementation of "diffusion respiration" or apneic oxygenation provides a buffer against hypoxia by providing a steady flow of oxygen though the upper airway which passively diffuses to the alveoli as oxygen is taken up into the blood stream \[[@CR173]\]. HFNC is purportedly an ideal method of diffusion respiration \[[@CR183]\]. While prolonged NIV and HFNC may not be appropriate therapy for hypoxemia, their place may be upheld in preparation for securing the airway for mechanical ventilation.

Many patients with malignancy present with both hypoxia and hypotension which presents challenges to establishing endotracheal intubation. This combination especially frequent and challenging in the cancer patient as hypotension is common. Side effects of chemotherapy predispose to volume loss by vomiting and dehydration \[[@CR29]\]. Sequestration of intravascular fluid into the interstitium occurs later in disease as protein-calorie malnutrition becomes common. Sepsis, cytokine storm from novel therapy, pulmonary embolism, blood loss, and more may contribute to a state of poor perfusion which in turn imparts increased oxygen extraction and subsequent hypoxemia. Hypoxemia may contribute to tissue hypoxia and subsequent metabolic acidosis. This acidic milieu can impair the effect of native catecholamines and thereby worsen hypotension \[[@CR30]\]. The negative intrathoracic pressure of spontaneous respiration acts to pull blood from the venous reservoir and increase venous return. Transition to positive pressure increases intrathoracic pressure and reduces this venous return. As such, a patient teetering on the brink may be subject to further hypotension as a result of commonly used induction agents or the implementation of positive pressure ventilation \[[@CR75], [@CR76]\]. As many as 30% of critically ill patients experience cardiovascular collapse following intubation \[[@CR135]\]. This in turn contributes to longer runs of mechanical ventilation and increased ICU stay which can be detrimental to the immunocompromised cancer patient \[[@CR75], [@CR76], [@CR86], [@CR124]\]. Assessment of volume status and appropriate resuscitation and consideration of vasopressor infusion may be appropriate in the peri-intubation phase of the critically ill cancer patient requiring endotracheal intubation \[[@CR123]\].

A brief note should be made regarding airway management with hypotension and hypoxia in the setting of right heart failure. Such physiology may develop as a result of pulmonary emboli,pulmonary hypertension, or cor pulmonale from any cause of hypoxemia in the cancer patient. Much like the pulmonary circulation, the right ventricle is a low-pressure, high-compliance pump. However, it has limited ability to adapt to acute insult. Hypotension due to right heart failure needs careful evaluation prior to initiation of positive pressure ventilation as increased intrathoracic pressure also increases right ventricular afterload. Hypoxia from ARF induces pulmonary vascular vasoconstriction which places further strain on an ailing RV. Measures normally thought of to restore perfusion pressures such as volume resuscitation or vasoactive agents may further impede RV function and perpetuate poor LV filling and hypotension. If RV dysfunction is suspected prior to intubation, bedside echocardiography should be performed to evaluate for signs of RV failure. In this situation, avoidance of hypoxemia with preoxygenation and apneic oxygenation are a must, and consider "blood pressure neutral" drugs for induction. Initial ventilator settings should target a lower mean airway pressure (if possible) until further stabilization. If available prior to intubation, one may consider application of inhaled nitric oxide or inhaled epoprostenol to improve V/Q mismatch and augment RV unloading and LV filling \[[@CR123]\].

Treatment Strategies for Hypercapnic Respiratory Failure {#Sec39}
--------------------------------------------------------

Initial therapies for type II respiratory failure should be implemented at the bedside with attention to instigating causes. Many cancer patients take opioid narcotics for pain control. While a 2011 study identified that opioid related death is less common in cancer patients than in those taking narcotics for other reasons \[[@CR31]\], the high doses of opioid often required to control malignant pain may subject one to hypoventilation and subsequent respiratory failure. A trial of naloxone is reasonable and avoidance of sedatives is recommended. Care should be taken if attempting to reverse benzodiazepines as GABA antagonism may precipitate seizures in those patients with chronic use \[[@CR5], [@CR108]\].

Patients with hypercapnic respiratory failure may benefit from a trial of NIV. In cases of COPD exacerbation, therapy with NIV should be utilized early before the onset of acute respiratory acidosis. Suitable candidates for NIV in acute hypercapnia are those who are conscious and able to follow commands and have signs of respiratory distress, a pH \<7.35 but greater than 7.20, and in whom close monitoring may occur. It should not be used as first line therapy in patients that are hemodynamically unstable, have multiorgan failure, severe hypoxemia or academia, encephalopathy, or are unable to follow commands, or in whom cardiac or respiratory arrest has occurred.

Optimal settings depend on the patient's body habitus and weight, degree of acidosis, and patient tolerance. Pressure controlled bilevel positive pressure is often used, though volume controlled NIV is also an option.

Frequent monitoring of the patient's clinical condition and arterial blood gas is a must as indiscriminate use of NIV can result in overcorrection and subsequent alkalemia. A time-limited trial should be performed, and if the patient worsens or develops contraindications to NIV, this therapy should be discontinued and mechanical ventilation initiated.

Extracorporeal carbon dioxide removal through a venovenous approach is available at some centers. Unfortunately many centers view active malignancy as a contraindication for extracorporeal membrane support of either oxygenation or CO~2~ removal.

Ventilatory Therapies for Hypoxemic Respiratory Failure {#Sec40}
-------------------------------------------------------

Using the acute respiratory distress as a model for severe hypoxemia, there are basic principles of mechanical ventilation that afford a survival benefit. A "lung-protective" strategy should be implemented with tidal volumes of 4--8 ml/kg ideal body weight, as well as selecting a modest level of positive end expiratory pressure (PEEP) and making best efforts to limit plateau pressures (in a volume targeted mode of ventilation) to less than 30 cmH~2~0 \[[@CR1]\]. Such remains the current standard of care despite studies over the last decade challenging this dogma. Once severe hypoxemia occurs, emphasis should be on providing adequate oxygenation while attempting to reduce or eliminate ventilator-induced lung injury. Whether pressure or volume targeted therapy is used, selection of appropriate PEEP may be especially important in the patient with suspected chemotherapy or radiation-induced lung injury as it may obviate the need for injurious levels of inspired oxygen \[[@CR37], [@CR80], [@CR117]\]. While the three major studies in this area (ALVEOLI, LOV and EXPRESS) reported no survival benefit, they did demonstrate improvements in PaO~2~/FiO~2~. Many strategies to select PEEP area available, including incremental trial of PEEP, decremental selection of PEEP, and observation of the pressure-time curve during constant flow volume targeted ventilation (stress index) \[[@CR80]\]. For simplicity, the ARDS Clinical Trial Network has created a table with suggested degrees of PEEP based on requirements for FiO~2~ (Table [5](#Tab5){ref-type="table"}).Table 5Selection of PEEP based on required FiO~2~. (Adapted from ARDSnet)Lower PEEP and higher FiO~2~FiO~2~0.30.40.40.50.50.60.70.70.7PEEP55881010101214FiO~2~0.80.90.90.91.0PEEP1414161818--24Higher PEEP and lower FiO~2~FiO~2~0.30.30.30.30.30.40.40.50.5PEEP5810121414161618FiO~2~0.5--0.80.80.91.01.0PEEP2022222224

Other modalities of ventilation may be utilized in cases of refractory hypoxemia. Such modalities, termed "rescue therapies," are associated with improvements in arterial oxygen tension, but not survival. These include such strategies as airway pressure release ventilation, recruitment maneuvers, and extracorporeal membrane oxygenation \[[@CR68]\]. Some recent data are challenging the belief that recruitment maneuvers are beneficial and even implicate them causing harm (Writing Group for the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial et al. \[[@CR185]\]). In addition, most centers offering ECMO consider active or incurable malignancy as a contraindication to this service; thus, it is unfortunately unavailable for many cancer patients \[[@CR109]\].

Prognosis {#Sec41}
=========

Whether or not to admit a patient with potentially severe illness to the ICU is a central dilemma faced by intensivists. Preconceived notions are difficult to abolish. Twenty years ago mechanical ventilation following bone marrow transplanted was associated with a mere 2--6% chance of survival. In this study from 1992, the authors elaborated that of 348 bone marrow transplant patients requiring mechanical ventilation, none survived if they required mechanical ventilation for more than 9 days \[[@CR59]\]. Further studies in the early 1990s demonstrated high mortality rates of cancer patients in medical intensive care units \[[@CR35], [@CR151]\]. This perpetuated a mentality that admission of such patients to the ICU was futile care. Indeed attitudes toward the care of critically ill oncology patients vary by medical subspecialty \[[@CR130]\]. Whereas intensivists may focus on organ failure and retain pessimistic notions of the outcomes of critically ill cancer patients \[[@CR25]\], oncologists emphasize aspects of cancer therapy and tend to overestimate survival of oncologic patients with acute respiratory failure \[[@CR50]\]. Therefore, a multidisciplinary approach with frequent communication between ICU teams, oncology, and palliative care is vital to minimize misconceptions and clarify viewpoints of patient care. Such comprehensive multidisciplinary care is associated with improved survival in this population \[[@CR101]\].

In the last 25 years, the morality rates of cancer patients admitted to the ICU have improved and approached that of the general population (30--65%) \[[@CR61], [@CR159]--[@CR161]\]. The notion of cancer as a chronic illness should be upheld when considering admission of the oncology patient to the ICU. Excluding individuals with hematopoietic stem cell transplant, oncology patients requiring mechanical ventilation for ARF have a 40% mortality rate. For perspective, a 2004 study identified a 38% mortality rate for chronic obstructive pulmonary disease patients undergoing mechanical ventilation for exacerbation of COPD \[[@CR100]\]. Short term prognosis in critically ill adult oncology now depends on the nature of the acute illness rather than the stage of malignancy or by the complications of cancer therapy \[[@CR27], [@CR90], [@CR116]\].

For patients with solid and hematologic malignancy, short term survival is best predicted by the type and number of organ failure \[[@CR61], [@CR152]\]. Highest rates of mortality is in those patients requiring mechanical ventilation \[[@CR152]\]. When diagnosed with theacute respiratory distress syndrome, mortality rates may exceed 60% \[[@CR16], [@CR145]\]. Similarly, adult HCT recipients that require endotracheal intubation have mortality rates near 70% \[[@CR6]\]. Variation between studies may be attributed to differences in indication for mechanical ventilation. However, several factors have been identified that portend an especially poor prognosis. These include respiratory failure from a poorly reversible cause \[[@CR159]\], underlying chronic pulmonary illness \[[@CR24]\], severe hypoxemia prior to intubation (PaO~2~ \<50 mmHg) \[[@CR81]\], and prolonged need for mechanical ventilation \[[@CR69]\]. In addition, a small study including patients undergoing chemotherapy while intubated in the ICU revealed an 87% mortality rate \[[@CR61]\].

In those that survive ICU stay, 6-month outcomes are worse if mechanical ventilation was required. In a retrospective study of 37 patients with hematologic malignancy, only 36% of those surviving mechanical ventilation were alive 6 months post-ICU care \[[@CR28]\].
